The velocity-probability-distribution flatness and skewness factors for u and v are reported for the separating turbulent boundary layer described by Simpson, Chew & Shivaprasad (1981) . Downstream of separation the skewness factor for u is negative near the wall, whereas it is positive upstream of separation. The flatness factor for u downstream of separation differs from the upstream behaviour in that it has a local maximum of about 4 at the minimum mean velocity location in the backflow. Both upstream and downstream of separation the skewness factor for v has a profile shape and magnitudes that are approximately the mirror image or negative of the skewness factor for u. The flatness factor for v seems to be affected little by separation.
Introduction
This paper deals with the more detailed turbulence structure measured for the separating turbulent boundary layer described by Simpson et al. (1981) . In that paper mean velocities and Reynolds stresses were reported from hot-wire and laser anemometer measurements.
Simpson et al. (1981) conclude that those measurements support the conclusions of Simpson, Strickland & Barr (1977) . Those measurements also revealed that the backflow mean-velocity profile scales on the maximum negative mean velocity U , and its distance from the wall N . A law-of-the-wall velocity profile is not consistent with this correlation since both U , and N increase with streamwise distance, while the law-of-the-wall length scale v/U, varies inversely with the velocity scale U,.
In the backflow u' and v' are of the same order as 1 Ul . Correlations of Reynolds t Present address : Department of Mechanical and Production Engineering, University of Singapore.
shearing stress -G/u 'v' and -uy/(u'2i-v'2) are very low in the backflow and are about 25% lower in the outer region of the separated flow than in the upstream attached flow. Simpson et al. (1981) also showed that the mixing length and eddy viscosity models are meaningless in the backflow. Normal stresses effects appear to account for the lower mixing length and eddy viscosity values observed in the outer region of the separated flow.
The skewness and flatness factors for u and v have not been previously reported in the literature and are presented here. The effect of separation on these factors is discussed. Measurements of the turbulence kinetic energy diffusion flux are also reported. Momentum and turbulence-energy balances for this flow are presented together with their implications as to the nature of the backflow. Spectra of the streamwise velocity fluctuation u are presented for the separated flow, which have also not been previously reported in the literature.
Experimental equipment
A description of the wind tunnel and hot-wire and laser anemometers is contained in Simpson et al. (1981) . Additional instrumentation was used to obtain the results presented here. Electronic multipliers (Analog Devices AD533JH) were used to produce the turbulence quantities uv, u2v and v3 from hot-wire data. These multipliers were trimmed to within f 1 % full-scale nonlinearity error. True integrating voltmeters, each consisting of a voltage-controlled oscillator and a digital counter, were used to obtain true time-averaged results.
The same velocity probability histograms of laser anemometer data that were used to obtain the U , V , u2, v2 and -UV results described by Simpson et al. (1981) were used to obtain u3, v3, u4 and 3 presented here. At the same time that the histograms were obtained spectra were measured in the separated flow zone with a signal data rate of about 4001s. A Princeton Applied Research Model 4512 Fast-FourierTransform Spectrum Analyzer was used to obtain u spectral distributions.
-----
Experimental results
third and fourth moments given by
To investigate the effect of separation on higher-order structure functions, the -m with n = 3, 4 were calculated from each % and Y anemometer velocity histogram P ( % ) a n d P('Y). Simpson & Chew (1979) showed that the skewness factors, (a) [Ll, 112.4in .; Q, 118.5; a, 120.5; +, 122.6; x , 127.1; Q , 129.4; pJ, 131.9. Sandborn(1969): 0 , near separation, Ra2 = 5687. Antonia (1973) R, = 32500 ;-, value for Gaussian distribution. Note the log-linear abscissa. (a) C and D are the inflection points described by Shiloh et al. (1981) ., 138.75 in.; , 144.9; a, 156.4; x, 170.9. The arrow denotes the location of minimum mean velocity U. +, Wygnanski & Fiedler (1970) , mixing-layer data.
the offset voltage before, several times during, and after taking a set of data, so that a zero voltage input produced a zero voltage output. During data reduction a correction was applied for the offset voltage. All data which were greater than 25% uncertain are not presented here. This arbitrary uncertainty limit is not really very high, considering that third-order correlations are expected to have high uncertainties. Simpson, Chew & Shivaprasad (1980) showed that the skewness factor S, results obtained by laser and cross-wire anemometers for several streamwise locations are in agreement within the estimated uncertainties. In the separated zone the hot-wire measurements were confined to the outer region where the instantaneous flow direction differed less than 45" from the mean flow direction. However, when plotted against y+ in figure 3, the data for F, upstream of separation indicate an apparent effect of pressure gradient in the region close to the wall, mainly in the buffer layer 8 c yf < 20. In the viscous sublayer for both zero and adversepressure-gradient flows, the flatness factor attains values much higher than the value for a Gaussian probability distribution, which is equal to 3. This is possible because the inrush phase of the bursting cycle which brings in high-velocity fluid from the outer region results in large-amplitude positive u fluctuations and consequently produces a large skirt in the velocity probability distribution. Similarly, near the outer edge of the 'boundary layer, intermittent large-amplitude negative u fluctuations occur as a resnlt of the large eddies driving the fluid from the low velocity regions outwards, which tends to increase the flatness factor. In the buffer layer near a y+ of 13, the zero pressure gradient flows of Ueda The present data for S, as shown in figure 5 (a) indicate a change in sign a t a location farther away from the wall (y/6 N-0.4). This location corresponds to the region where the Reynolds shear stress and the turbulent intensities reach their maximum values. The intense momentum exchange in this region results in the lack of occasionally very-high or very-low fluctuations and as a consequence the probability distribution does not have much skewness. As one moves closer to the wall, the intermittent largeamplitude positive u fluctuations tend to make the probability distributions more The location corresponding to zero skewness for u occurs very close to the wall in zero-pressure-gradient flows because the Reynolds shear stress attains a maximum value in that region. Furthermore, the intense mixing in that region suppresses largeamplitude u fluctuations, thus removing the skirt in the positively skewed velocity probability distribution and changing it to a more nearly top-hat shape with a low flatness factor. The same does not happen in adverse-pressure-gradient flows in the region of maximum shear because the probability distribution in that region is more nearly Gaussian with only a slight skewness and with no significant large-amplitude fluctuations to be suppressed.
Downstream of separation the skewness S, is reduced to negative values in the backflow region as shown in figure 5 (b). A maximum is observed in the vicinity of the minimum mean velocity. As shown in figure 1 ( b ) , Fu also has a local maximum near this location. The second zero-skewness point is slightly closer to the wall than the location of the maximum shear stress.
The flatness factor distributions for v in figures 2 (a, b) show a trend similar to t h t of u, the only difference being the reduced width of the flat region. Figures 6 and 7 show that there is a significant variation of S, along the flow. Only downstream of 132 in. is there profile similarity in the outer region. S, shown in figure 7 exhibits a shape approximately opposite in sign to that of S,, with a large positive skewness factor near the outer edge of the boundary layer, gradually decreasing to negative values towards the wall. This results in the appearance of two zero-skewness points in the distributions of S, both upstream and downstream of separation. The zeroskewness point which is farther from the wall occurs in the region of maximum shear both upstream and downstream of separation, which indicates that the backflow has no influence on the location of this point as in the case of S,. Downstream of separation the flatness and skewness factors away from the wall are in qualitative agreement with those of Wygnanski & Fiedler (1970) for a plane mixing layer. This is not surprising since the mean-velocity profiIes resemble those in mixing layers.
Diffusion of turbulence kinetic energy
The diffusion term a / a y ( F / p + &a". ) of the turbulence kinetic energy equation is known to become more important as a turbulent boundary layer approaches separation (Bradshaw 1967; Simpson & Collins 1978) . The term F / p which represents the diffusion flux due to pressure forces cannot be measured directly using available techniques. Normally, it is estimated by the difference of other measurable terms in the turbulence-kinetic-energy equation, although experimental uncertainties make the results quite uncertain. Here the turbulence-kinetic-energy diffusion flux ----
was estimated using &andpcross-wire anemometer measurements and the approxi- --_ . -mation proposed by Bradshaw (1967) , & = $(u% + v3). (If instead we let w2v = v3, since Shiloh, Shivaprasad & Simpson (1981) show that 2 = 3 in the outer region, and use the approximation that & = 3v3 from the data of Simpson et al. (1980) , then the resulting &q2vwill be Q of the values shown below using Bradshaw's approximation. Figure 8 ( a , b ) shows the present results. The flux of turbulence kinetic energy is positive in the regions where data have been plotted, indicating that the flux is directed away from the wall. For locations downstream of 117.6 in. the data are limited only to the region near the outer edge of the boundary layer. Nearer the wall a t these locations the flux is expected to be negative, since most of the turbulence-energy production is in the middle of the boundary layer and previous strong adverse pressure gradient data (East & Sawyer 1979) figure 8 (a, b) . Agreement in the outer region is within the uncertainty of the measurements. I n the inner region only the general shape of the predictions agree with measurements. It can be observed from figure 9(a, b) that the diffusion is small a t the upstream stations and becomes appreciable downstream from 117 in. Farther downstream as separation is approached, the diffusion increases continuously. It is interesting to note that such large negative diffusion rates occur on the low velocity side of mixing layers also. This can be seen in figure 9 (b) whieh has the data of Wygnanski & Fiedler (1970) plotted for comparison with the present data a t x = 1568 in. The maximum velocity in the mixing layer Urn and the total shear-layer thickness 2y+ were used for nondimensionalizing those data. This similarity in behaviour with the mixing layer suggests that the diffusion, which is responsible for the lateral spread of mixing layers, is also responsible for the rapid growth of separated boundary layers. The large gain of energy by diffusion in the outer region and the associated increase in entrainment of the non-turbulent fluid seems to be responsible for the maintenance of the large eddies and the large growth rates of separated boundary layers.
The entrainment rate of free-stream fluid increases as separation is approached.
This can be expressed in terms of the entrainment velocity, V,, obtained from mean velocity measurements using the relationship 
Momentum and turbulence energy balances
In order to understand further the effect of separation on the transport of momentum and turbulence kinetic energy, terms of the governing equations were obtained using the measured quantities described above. The x-direction and y-direction momentum equations are, respectively, For each equation the terms on the left-hand side are inertia or convective terms while the terms on the right-hand side describe the pressure gradient, the shearing- The terms on the left-hand side are advection terms while the terms on the right-hand side describe turbulent diffusion, turbulent-shear-stress production, normal-stresses production, and dissipation, respectively. Dissipation was not measured. In all three equations the viscous terms have been neglected because they are much smaller than the other terms. An estimate of uncertainties of all the significant terms for a few typical points across the boundary layer are given in table 8 of Simpson et al. (1980) for 118.5 in. 'and 131.875 in. Very near the wall the uncertainties are high, but beyond y / 6 2: 0.02, the uncertainties of most of the dominant terms are less than 30-40 yo at many points.
In general, the terms involving derivatives with respect to y have less uncertainty compared with those involving derivatives with respect to x, since the latter terms are much smaller and were computed from data acquired on different days. Hence each data point used to determine x derivatives corresponded to slightly different experimental conditions. An exception to this is the inertia terms of the x-direction momentum equation. In this case the two-dimensional continuity equation can be used to obtain a single term involving only a y derivative of a given velocity profile: R. L. Simpson This expression was used only when U was much larger than V , since the uncertainty in V / U becomes large as U approaches zero. The relative uncertainty in this term is large in the outer region because y-direction gradients are small. On the whole, even though the uncertainties are large it is still possible to arrive at certain conclusions regarding the relative importance of the various terms in the momentum and turbulence energy equations as the boundary layer passes through separation. Although the momentum and energy balances were examined a t several stations upstream and downstream of separation by Simpson et al. (1980) , the results are presented here for one representative station in the fully separated region (1568 in.). Figures 10 and 11 show the distributions of the various non-dimensional terms of the momentum equations and figure 13 represents the terms of the energy equation. The location of the maximum shear stress -ZCV is shown on all the plots.
Plots given by Simpson et al. (1980) and figure 11 indicate that when a( -G)/ay is positive, the only important terms in the y-direction momentum equation are the pressure-gradient and the normal-stress terms. This is true both upstream and downstream of separation and leads to the following simplification of equation (7) 
Since 8d2/ax is much smaller than aPo/ax, the mean pressure gradient is nearly independent of y in the region where a( -uV)/ay is positive. Figure 10 also shows the same result where aP/ax is calculated using equation (6) and measured velocity data. This conclusion applies at all locations upstream and downstream of detachment.
Where a( -uV)/ay is negative, the convective term in equation (7) is also important as shown in figure 11 and aP/ax is not independent of y. Figure 10 shows that this is also the case when aP/ax is calculated from equation (6). As shown in figure 10 the convective terms in the x-direction momentum equation
are less important in the separated region when a( -uV)/ay is positive than in the outer region. Near the wall the momentum transfer due to shear mainly balances the x-direction pressure gradient. In the outer region in addition to the important convective terms, the normal stresses term a(u'2-w'2)/ax that arises from using equation ( The normal stresses play an important role in the vicinity of the maximum shear stress. At 118 in., the normal-stresses term is still quite small. The momentum balance a t 132 in. shows that the normal-stresses term is more important. Its importance increases progressively downstream as can be seen from figure 10, which shows that this term contributes up to half of the momentum transport in the outer region. This is shown more clearly in figure 12 by the distributions of the ratio of the normal-stresses term to the shear-stress term. However, owing to uncertainties in the gradients the uncertainty of these results in the outer region is large. Thus the inner layer in the separated region could be modelled by neglecting the convective terms while in the outer layer the additional effect of the normal stresses must be included. Figure 13 and plots presented by Simpson et al. (1980) show the importance of the normal stresses turbulence energy production from just upstream of intermittent separation to far downstream as discussed by Simpson et al. separation. As far as shear production alone is concerned, the present data in the region upstream of separation is in agreement with those of Spangenberg, Rowland & Mease (1967) and others who observed two peaks in distributions for boundary layers subjected to large adverse pressure gradients. The present data indicate that as separation is approached, the peak near the wall becomes weaker until it vanishes in the region of fully-developed separation. In the backflow zone of the separated region there is no shear production as indicated by figure 13 and advection is also insignificant. Hence the only mode by which turbulence energy can reach the backflow zone is by turbulent diffusion. This conclusion is consistent with the results discussed in $4.2 above: diffusion plays a major role in transporting the turbulence kinetic energy in separated flows from the middle part of the layer, where it is mainly produced, to the outer region and the region near the wall. The absence of production near the wall in separated flow also leads one to conclude that the backflow near the wall is controlled by the large-scaled outer-region flow, rather than by some wall-shear-stress-related 'law of the wall'. 
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6. Characteristic frequencies from spectra in separated flow Strickland & Simpson (1975) showed that the characteristic bursting frequency could be determined by the peak in the first moment of the spectra nP(n) of the wall shearing stress. These characteristic frequencies for the Simpson et al. (1977) separating flow correIated with the outer flow velocity and length scales, U, and 8, as do the bursting frequencies for the zero-pressure-gradient case. However, U,/Sn, was between 11.7 and 8. 35 for that separating flow, whereas values of about 5 are reported for the zero-pressure-gradient case. The basic conclusion of these earlier results is that the characteristic frequency of the most energetic turbulent fluctuations scale on the large-scale structure of the shear flow.
In the earlier work of Simpson et al. (1977) no spectral measurements in the separated flow were made. In the present flow spectral data for u were obtained from the laser anemometer velocity signals. Since the LDA signal data rate was under 400 signals/s and signal dropout was present, the spectra are only reliable under 100 Hz. The first moment of each spectral distribution nF(n) was obtained and the frequency of the peak was selected as the characteristic frequency nb. In many cases the nF(n) peak was constant over a frequency range, which is represented in figure 14 as a line over the range of Urn/&, values for a spectrum at a given y/S. Figure 14 shows that upstream of intermittent separation U,/6nb is essentially constant throughout the inner flow region with a value of about 10 rt: 3. At successive downstream locations the range of U,/6nb for a given n F ( n ) peak becomes progressively larger near the wall as shown in figure 14 . In most cases a single frequency characterises the n F ( n ) peak in the outer region. U,/Snb is about 10 k 3 a t the lower end of the U,/6nb bands. The upper values of U,/6nb are about 40 or so in the inner region.
These results indicate that the characteristic frequency of the outer region correlate with U, and 6 along the flow, with an approximately constant value of U,/6nb of about 10 & 5. This is consistent with the earlier work of Simpson et al. (1977) . Nearer the wall the frequency range of the energetic turbulent motions descends to frequencies one-fourth as large.
For attached boundary layers the spectra for the near wall flow have a range of frequencies over which the peak of each nF(n) distribution is constant (Rotta 1962) . This is a consequence of the logarithmic law-of-the-wall velocity profile. For a separated flow the law-of-the-wall is not valid, so a different explanation of the n F ( n ) distribution near the wall is needed. The upper frequency end of the n F ( n ) peak is a t approximately the same frequency as the outer region peak frequency. Note from figure 14 that the wide frequency spectral plateaux seem to occur at locations near the wall where yu < 1.
One simple speculation is that the celerity or speed of the eddies in the backflow region is much lower than that in the outer region. Simpson et al. (1977) show that the wall speed of the eddies associated with the characteristic frequency decreases to a small fraction (about a) of the outer region celerity as separation is approached. Thus, as large scale structures pass through the outer flow at a frequency of about U,/lOS, these same structures move at a much lower celerity in the backflow region, producing a much lower frequency spectrum.
Conclusions on the nature of separating turbulent boundary layer
New information about the structure of a separating turbulent boundary layer has been presented for the separating turbulent boundary layer described in part by SimFson et al. (1981) . Previous conclusions are also confirmed by these results.
The spectral results confirm the conclusion of Simpson et al. (1977) that the frequency of passage of the outer region large scale eddies nb scales on the free-stream velocity U, and the boundary-layer thickness 8. A new result is that while U,/Snb is about 10 & 3 in the outer region of the separated flow, a characteristic frequency range exists in the backflow with 10 & 3 < U,/8nb < 50 rt: 10.
Upstream of separation the skewness S, and flatness F, factors behave in a similar manner to those of previous adverse-pressure-gradient investigations. In the separated flow between the wall and the locations of the minimum mean velocity, the skewness factor for u, S,, is negative. Between this point and the location of the maximum shearing stress, S, is positive. Farther from the wall S, is negative again. The flatness factor F, reaches a local maximum of about 4 at the minimum mean velocity location. S, has a profile shape and magnitudes that are approximately the mirror image or negative of S,.
As cantly to the momentum and turbulence-energy equations. Negligible turbulence energy production occurs in the backflow. Normal-stresses and shear-stresses production in the outer region supply turbulence energy to the backflow by turbulent diffusion. These results are consistent with the absence of a logarithmic mean velocity profile in the backflow, since classical turbulence energy production arguments indicate that the rate of production must equal the rate of dissipation in such a region. These turbulence-energy results lead to the conclusion that the backflow is controlled by the large-scale outer region flow. Movies of laser-illuminated smoke also have clearly revealed that the large eddy structure supplies most of near wall backflow. The small mean backflow does not come from far downstream as suggested in figure 15 (a) , but appears to be supplied intermittently by large-scale structures as they pass through the separated flow as suggested by figure 15(b) . Thus, as pointed out by Simpson et al. (1981) , the Reynolds shearing stresses in this region must be modelled by relating them to the turbulence structure and not to local mean velocity gradients. The mean velocity profiles in the backflow are a result of time-averaging the large turbulent fluctuations and are not related to the cause of the turbulence. and behaviour were noted. This result also seems to support the flow model suggested in figure 15 ( b ) where the backflow is supplied locally by outer region large-scale structures. Only after the deflection plate was high enough to begin to change the freestream pressure gradient did the location of the separation zone change. Of course, this mechanism for supplying the backflow may be dominant only when the thickness of the backflow region is small compared with the turbulent shear-layer thickness, as in the present case. Experiments (Fox & Kline 1962) on separation in wide-angle diffusers indicate that the mean backflow can come from far downstream when the thickness of the backflow region is comparable to the thickness of the forward flow.
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